Relative molecular size distributions of pectic and hemicellulosic polysaccharides of pea (Pisum sativum cv Alaska) third intemode primary walls were determined by gel filtration chromatography. Pectic polyuronides have a peak molecular mass of about 1100 kilodaltons, relative to dextran standards. This peak may be partly an aggregate of smaller molecular units, because demonstrable aggregation occurred when samples were concentrated by evaporation. About 86% of the neutral sugars (mostly arabinose and galactose) in the pectin cofractionate with polyuronide in gel filtration chromatography and diethylaminoethyl-cellulose chromatography and appear to be attached covalently to polyuronide chains, probably as constituents of rhamnogalacturonans. However, at least 60% of the wall's arabinan/ galactan is not linked covalently to the bulk of its rhamnogalacturonan, either glycosidically or by ester links, but occurs in the hemicellulose fraction, accompanied by negligible uronic acid, and has a peak molecular mass of about 1000 kilodaltons. Xyloglucan, the other principal hemicellulosic polymer, has a peak molecular mass of about 30 kilodaltons (with a secondary, usually minor, peak of approximately 300 kilodaltons) and is mostly not linked glycosidically either to pectic polyuronides or to arabinogalactan. The relatively narrow molecular mass distributions of these polymers suggest mechanisms of co-or postsynthetic control of hemicellulose chain length by the cell. Although the macromolecular features of the mentioned polymers individually agree generally with those shown in the widely disseminated sycamore cell primary wall model, the matrix polymers seem to be associated mostly noncovalently rather than in the covalently interlinked meshwork postulated by that model. Xyloglucan and arabinan/galactan may form tightly and more loosely bound layers, respectively, around the cellulose microfibrils, the outer layer interacting with pectic rhamnogalacturonans that occupy interstices between the hemicellulose-coated microfibrils.
because demonstrable aggregation occurred when samples were concentrated by evaporation. About 86% of the neutral sugars (mostly arabinose and galactose) in the pectin cofractionate with polyuronide in gel filtration chromatography and diethylaminoethyl-cellulose chromatography and appear to be attached covalently to polyuronide chains, probably as constituents of rhamnogalacturonans. However, at least 60% of the wall's arabinan/ galactan is not linked covalently to the bulk of its rhamnogalacturonan, either glycosidically or by ester links, but occurs in the hemicellulose fraction, accompanied by negligible uronic acid, and has a peak molecular mass of about 1000 kilodaltons. Xyloglucan, the other principal hemicellulosic polymer, has a peak molecular mass of about 30 kilodaltons (with a secondary, usually minor, peak of approximately 300 kilodaltons) and is mostly not linked glycosidically either to pectic polyuronides or to arabinogalactan. The relatively narrow molecular mass distributions of these polymers suggest mechanisms of co-or postsynthetic control of hemicellulose chain length by the cell. Although the macromolecular features of the mentioned polymers individually agree generally with those shown in the widely disseminated sycamore cell primary wall model, the matrix polymers seem to be associated mostly noncovalently rather than in the covalently interlinked meshwork postulated by that model. Xyloglucan and arabinan/galactan may form tightly and more loosely bound layers, respectively, around the cellulose microfibrils, the outer layer interacting with pectic rhamnogalacturonans that occupy interstices between the hemicellulose-coated microfibrils.
The cell wall plays a critical role in plant cell enlargement. A wide range of growth-regulating agents, including both hormones and environmental factors, apparently act by mod- ifying the ability of the primary wall to extend irreversibly. ' This work was supported by grants from the National Science Foundation and the McKnight Foundation. These modifications are thought to be due to alterations in the nonfibrillar, or matrix, polymers of the wall. Linkage analysis techniques, applied especially by Albersheim's group (52) , have yielded a great deal of information concerning the structure of the types of polysaccharide chains found in the primary wall matrix, which in dicots consists mainly of RG3 ("pectin"), XG ("hemicellulose"), and AG (commonly regarded as a pectic polymer). These structural details have been deduced mainly by analysis ofenzymatically degraded fragments of the matrix polysaccharides.
Much less attention has been given to wall polysaccharides as whole macromolecules. On the basis of certain evidence suggesting that XG chains are linked glycosidically to galactan or AG chains, and that the latter are similarly linked to RG chains, Albersheim's group (37) in 1973 proposed a model for the structure of the cultured sycamore cell wall. This model, which they soon considered to describe primary walls of all dicots (2, 4, 80) , attributed the wall's structural coherence to the mentioned covalent interlinking of its matrix polymers, in combination with the noncovalent binding of fact, and many teachers of plant physiology do not seem to be aware that its basic concept may not be correct.
While exploring macromolecular changes in pea wall matrix polysaccharides that might be involved in auxin-induced cell enlargement (72) , we obtained molecular size and separability data indicating that the sycamore wall model does not apply to pea, providing further evidence that it is not valid for growing dicot primary walls in general. These observations are presented here, along with a model for pea primary wall organization that seems consistent with the information available for this material.
MATERIALS AND METHODS Growth and Preparation of Tissue
Seeds of pea, Pisum sativum L. cv Alaska, were planted in trays of moist vermiculite and grown 7 d in the dark at 25°C with occasional brief exposures to red light. Third internode segments 8-mm-long were cut, starting 3 mm below the top of the apical hook, using a double-bladed cutter. Before wall material was prepared from them, the segments were incubated 2 h at 35°C in water-saturated air, so they would be comparable to the auxin-depleted starting material used for auxin addition experiments (72) .
Cell Wall Isolation
Walls were isolated and fractionated according to the method of Nishitani and Masuda (58), slightly modified.
Segments were boiled in methanol for 5 min, rehydrated in 10 mm phosphate buffer, pH 7.0, and treated with Pronase-P (Sigma, 0.2 mg/mL) for 18 h at 25°C. The walls were then homogenized with a small volume of water at 5C, extracted three times each with cold water, acetone, and methanol:chloroform (1:1, v/v), and dried under filtered air at room temperature.
Cell Wall Fractionation
The dried cell walls were resuspended in 3 to 5 mL ofwater and heated at 70°C for 3 min to dissolve starch; 40 units of porcine pancreatic amylase (Sigma) in 10 mm potassium phosphate buffer, pH 7.0, were added and the mixture was incubated for 2 h at 25°C. Pectin was extracted by four 1-h treatments with 20 mm ammonium oxalate-oxalic acid buffer, pH 4.0, at 70°C. So that any wall polymers solubilized by the previous warm water treatment would be recovered in the pectin fraction, the amylase and ammonium oxalate extracts were combined. They were concentrated to about 5 mL by simple (not rotary) evaporation in an Erlenmeyer flask under reduced pressure, without freezing, so as to avoid drying down appreciable polysaccharide material. The sample was desalted with a Bio-Gel P-2 column (Bio-Rad Corp., Richmond, CA), any dextrins and oligosaccharides derived from amylase action being recovered along with the polysaccharides.
Hemicelluloses were extracted by three treatments of 24 h each in 4 M KOH containing 26 mm NaBH4, at 25°C. The extracts were combined and titrated to pH 7.0 with HC1, concentrated under reduced pressure as described above, and desalted with Bio-Gel P-2. The wall material remaining after alkali extraction (a-cellulose) was not studied.
GFC
GFC was performed with a Pharmacia 2.5-x 100-cm K column of Sepharose 4B (Pharmacia LKB Biotechnology, Piscataway, NJ) or, in later experiments, the cross-linked CL-4B version of this gel, which has the same separation properties. Desalted wall extracts were loaded onto the column with a sample injector and were eluted with glass-distilled water at about 22°C. The column was equilibrated with 10 mm sodium azide between use to prevent microbial contamination.
As in previous work on plant cell wall matrix polysaccharides, our Sepharose columns were calibrated using heterodisperse dextran standards obtained from Pharmacia. Previous workers have taken the positions of the GFC elution peaks of these dextrans to correspond either to their manufacturer's nominal mol wt designations or to their weight-average mol wts, which according to Pharmacia are relatively close to these nominal designations. However, the GFC peak of a heterodisperse polymer should represent the peak of its mol wt distribution rather than its average mol wt. According to data supplied by Pharmacia, the peaks of these dextran mol wt distributions lie at mol wt values of about 0.25 to 0.5 times their respective weight-average mol wts. To calibrate our column, we equated the elution volume of the GFC peak of each dextran, with the molecular mass value of the peak in the molecular mass distribution profile in Pharmacia's data for that dextran. These peak molecular masses are relatively close to the number-average molecular masses given for these dextrans by Pharmacia (rather than their weight-average mol wts, used in previous calibrations).
For the 4B and CL-4B columns, a log-linear separation was obtained from about 3000 to 30 kD, with some degree of nonlinear separation down to about 2 kD. Although our calibration method produces a more valid idea of the size of fractionated polymers, wall polysaccharides may not necessarily have the same conformation as the dextran standards, so all Mr values given in this paper should still be regarded as "apparent" values.
DEAE-Cellulose Chromatography
The pectic extract was applied to a 12-x 1.5-cm Cellex-DEAE column (Bio-Rad). Neutral and acidic polysaccharides were eluted, respectively, with 100 mL of 10 mM potassium phosphate buffer, pH 6.5, and 100 mL of buffer containing 1 M NaCl.
Sugar Analysis
Total carbohydrate was measured with the phenol-H2SO4 assay (17) . Because it is only about 40% as sensitive to uronic acid as to sugars, in view of the neutral sugar and uronic acid composition of the pectin fraction (Table II) , the GFC profile obtained for pectin with this assay reflects principally the distribution ofneutral sugars. Polygalacturonic acid was measured with carbazole according to the method of Galambos (23) . XG was measured by the iodine assay of Kooiman (40) , sometimes scaled to half the described volume for greater sensitivity.
To determine monosaccharide composition, samples were according to the method of Hais and Macek (26) and then neutralized with BaCO3. Sugars were separated by ascending TLC on silica gel 60 plates impregnated with 0.5 M NaH2PO4 using isopropanol:acetone:0.2 M lactic acid (60:30:10, v/v/v) according to the procedure of Kremer (42) . Spots were visualized by spraying with aniline hydrogen phthalate. HPLC analysis was performed on hydrolysates using a Dionex 4000i chromatography system (Dionex Corp., Sunnyvale, CA) equipped with either a PAl (Table II) or AS6A (Table III) ion exchange column and a pulsed amperometric detector.
RESULTS
The composition of pea third internode cell wall matrix material, separated into traditional pectin and hemicellulose fractions by extraction, respectively, with warm dilute ammonium oxalate/oxalic acid (pH 4) and 4 N KOH, is shown in Tables I and II. The indicated composition generally resembles that previously given for pea primary walls (16, 24) , except for the lack ofdetectable mannose. The minor amount of mannose previously reported might, in our extraction procedure, have been retained mostly in the a-cellulose fraction, as in some earlier data on pea cell walls (27, 42 (30) indicating that most of the wall's XG occurs in this fraction. However, galactose and arabinose are the most abundant components of the HC fraction.
As shown in Table II , we analyzed wall material that had been prepared either with or without a hot water treatment to solubilize starch, such as was used in previous work on wall polysaccharide Mr (58, 59 ). This step proved to have no significant effect on the composition of the pectic and HC fractions.
Pectic Polymers GFC of the pectic polyuronides ( Fig. 1) (Fig. 2) . Molecular aggregates must therefore form during concentration of the solution. Boiling the pectin sample before rechromatography did not dissociate these aggregates or restore the original Mr distribution. The Mr distribution of the neutral sugars contained in the pectin fraction closely resembles that of the polyuronides but peaks at a slightly lower Mr and displays a minor trailing peak at about 400 kD, making up about 6% of the total sugar, not associated with uronic acid (Fig. 1) . The peak fractions of the polyuronide profile contain substantial amounts of arabinose and galactose, plus a smaller amount of rhamnose, a trace of xylose, and no glucose (results from TLC, not shown). Except for the xylose, this composition would be expected for RG polymers, which bear side chains composed of arabinose and galactose units, attached to rhamnose residues in the polyuronide backbone (14, 52) . The absence of detectable glucose in the peak fractions suggests that the glucose found in the total pectin (Table II) comes mainly from starch that contaminates the cell wall preparation, because in the preparation procedure any starch should have been converted to small molecular products. If the xylose found in the pectin fraction (Table II) had come mainly from XG, at least 30% more glucose than xylose should have occurred in the GFC polymer peak and would easily have been detected along with the xylose that occurred there. Therefore, most of this xylose apparently does not come from XG but probably from xylan, the presence of which was indicated by a linkage determination on pea cell walls (24) .
About 14% of the pectin fraction's neutral sugar can be separated, using DEAE-cellulose (Fig. 3) , from its polyuronide as neutral polysaccharides, which do not adsorb to DEAE groups. This material presumably includes the minor trailing 400 kD peak of uronic acid-free polysaccharide in the Mr distribution ( Fig. 1) , plus additional higher Mr neutral polysaccharide which overlaps the polyuronide Mr distribution. The remaining 86% of the pectic fraction's neutral sugar is apparently associated with polyuronide, because it elutes along with the latter when the column is washed with salt solution. This supports the view, noted above, that the polyuronide Mr peak ( Fig. 1 ) includes RG backbones with galactoseand arabinose-containing side chains attached to them.
Hemicelluloses
In contrast to the pectic polymer Mr distribution, GFC fractionation of HC gives two major peaks (Fig. 4) . The high Mr (approximately 1000 kD) peak makes up 60 to 70% of the HC fraction; the lower Mr peak, making up the remainder, is centered at about 30 kD but extends from about 100 kD down to <10 kD. The iodine color reaction for XG shows that the latter peak corresponds to a peak of XG, whereas the high Mr peak contains almost no XG (Fig. 4) .
The high Mr HC peak yields mainly arabinose and galactose, minor amounts of xylose, glucose, and rhamnose, plus a trace of fucose (Table III) . This peak appears, therefore, to consist mainly of AG. Because the xylose to fucose molar TLC (not shown) indicated that the minor amount of uronic acid that occurs in the HC fraction (Table II) is found in the high Mr peak, of which it should make up only about 2% (from the information given above and in Table II ). The amount of rhamnose in this peak and in the HC as a whole is much too large, relative to uronic acid, to be explained by the presence of traces of the major RGs (RG-I and RG-II) whose composition has been characterized (50) . Because some arabinogalactans contain rhamnose (14) , this sugar could be part of the major AG polymer(s).
The lower Mr, 12-positive HC peak yields mainly glucose and xylose and smaller amounts of galactose and fucose (Table III) , which are the main constituents of XG. A small amount of arabinose also occurs, as found previously in a pea XG preparation (30 Elution Volume (ml) Figure 3 . Separation of neutral from acidic polysaccharides in the pectin fraction by adsorption to DEAE-cellulose. Sample (in water) was applied to column which was washed with water up to the point indicated by the arrow, when 1 M NaCI was applied to elute acidic polysaccharides. Symbols as in Figure 1 .
be a minor terminal side group in several other XGs (38, 62, 66) . GFC profiles of most HC preparations contain a secondary, usually minor, higher Mr XG peak at about 300 kD (Fig. 4) . After certain tissue pretreatments, this XG peak is much more prominent and, in some cases, can become the principal peak (72) .
When the XG-containing fractions from a GFC profile are pooled, concentrated, and rechromatographed, a profile almost identical with the initial one is obtained ( DISCUSSION The Mr distributions of our pea cell wall matrix polymers are strikingly narrower than many previously published distributions from other materials, both for polyuronides (7, 58) and for AG and XG (29, 58, 59) , although some similarly narrower distributions have been reported (46, 57, 77) . Some of these variations may represent differences between plant materials, but others are probably due to procedural differences among different investigations. Procedural differences might determine, for example, the extent to which artifactual degradation of polysaccharides and/or formation of multichain aggregates affect the GFC profiles.
Our procedure involved precautions to avoid artifactual degradation of polysaccharides, including initially boiling the material in methanol and treating it with protease to inactivate autolytic enzymes (16) ; maintaining azide in the GFC column between runs, to forestall microbial growth; and other points to be discussed below. Rechromatography gave no evidence that polymer size degradation was occurring during our polysaccharide extract manipulations and GFC procedure. Such tests, and certain ofthe precautions against degradation taken here, are not mentioned in much of the previous work cited; therefore, some of those Mr profiles could include artifacts.
Size Features of Pectic Polysaccharides
Our pectin Mr profiles ( Figs. 1 and 2 ) reveal no polymers in the ranges around either 100 kD or 5 to 10 kD, the approximate Mrs that have been estimated for RG-I and RG-II, respectively (50, 51) . These polymers, consisting of a galactomonic acid (RG-II) or alternating rhamnose/salactomonic acid (RG-I) backbone decorated with side chains composed primarily of arabinose and galactose, are the principal types of pectic polyuronides, other than HG, that have been recognized (50) .
RG-II has been reported to occur in pea cell walls (13) in amounts equivalent to about 8.5% of our pectic fraction. RG-I very likely also occurs in pea, because it is widespread in seed plant primary walls, in amounts usually at least twice that of RG-II (50) . The neutral sugar composition of our pectic fraction (Table II) is very similar to that of RG-I (50), apart from the occurrence of some xylose and glucose (expla-nations for which were suggested in "Results"). DEAE-cellulose adsorption indicates that most ofthe pectic neutral sugars are firmly attached (probably covalently bound) to polyuronide, as they are in RG-I and RG-II. However, the much higher proportion of uronic acid in the pectin (Table II) than in either RG-I or RG-II (50) , and the high ratio of uronic acid to rhamnose (compared to the expected 1:1 ratio for RG-I and 2.5:1 for RG-II), points to HG as an important component of the pectic polyuronide. From the rhamnose content of the pectin fraction, compared with that of RG-I and RG-II, it can be estimated that HG makes up about 82% of the total pectic polyuronide, or about 37% of the entire pectin fraction.
The RG-I and RG-II molecules that have been isolated and characterized (50) are released from the cell wall by degrading with endopolygalacturonase, which hydrolyzes HG. This and other evidence (for example, see ref. 75 ) has repeatedly been interpreted as indicating that native pectic polyuronides consist of RG ("hairy") blocks separated by "smooth" blocks of HG. The GFC profile ofthe pea pectic polyuronides supports this interpretation, because the RG neutral sugar components cochromatograph with the uronic acid (most of which is in HG as noted above) as a single peak (Fig. 1) . The profile shows, moreover, that this complex polymer is not indefinitely large. Calculations (not given) from the data in Table II and Figure 3 indicate that, if the mean sizes of RG-I and RG-II blocks in pea are similar to those of sycamore, the average pea pectin molecule of about 1100 kD cannot contain more than about two such RG-I blocks and about 25 to 40 of the (much smaller) RG-II blocks.
Aqueous solutions of pectic polyuronides tend to associate noncovalently into multichain aggregates (19, 25 and references cited therein). Our results (Fig. 2) showed that, when pea pectin solutions are concentrated by evaporation, some aggregation occurs, leading to a modest upshift of the main Mr profile and formation of some very large micelles with an Mr of at least 3000 kD. Because ofpossible aggregation before the initial GFC, the Mr values obtained for pectic polymers may overestimate the size of their primary structures (glycosidically bonded backbones). Aggregation might have prevented separate RG-I and RG-II molecules from being detected, although RG-I was reported to show no tendency toward aggregation (51) . The pectin Mr would also exceed that of the polyuronide chains if these are interlinked by ester cross-links, as has been proposed (21) . The GFC data do, however, set an upper limit on polyuronide chain size, so the above estimate of how many RG-I and RG-II units may be contained in the average polyuronide chain represents maximum values.
Size Features of Hemicelluloses
The oxalate-insoluble, alkali-soluble fraction (HC) contains a preponderance of high Mr AG, including almost half the arabinose and more than two-thirds of the galactose in the entire wall matrix. AGs, however, are conventionally regarded as pectic components. In several recent reviews of primary walls, AGs are not even mentioned under the HC heading. Although galactose and arabinose were found to be important HC constituents in earlier work on primary walls (7, 35, 47, 58, 65, 77) , the broad GFC profiles in most of that work did not resolve AGs from other HC components, obscuring their significance. The pea HC Mr profile (Fig. 4) clearly shows that distinct AG and XG polymers occur in the HC fraction; this has been shown also by other methods of fractionation (35, 65) . Thinking about wall organization should be expanded to include AGs as significant HC components of primary walls.
The previous broad HC Mr distributions noted above seem to have resulted at least in part from using aqueous alkali as GFC eluant, whereas we used water. When azuki bean HC, which gave a broad, unresolved profile using alkali (58, 59) , was chromatographed with a dilute pH 5 buffer (57), it yielded a distribution very similar to ours for pea HC, in which AG and XG were almost completely separated as relatively sharp peaks. A similar, but less sharply separated, Mr distribution for squash hypocotyl HC components was obtained by HPLC using neutral phosphate buffer as eluant (77) . Previous workers probably used alkali because of concern that some HC components (especially XG) might either aggregate or bind to the GFC column's polysaccharide gel matrix. However, we obtained >90% recovery of pea HC by GFC under the conditions described in "Methods." Furthermore, it can be calculated from the data in Table III , and the quantitative features of the distribution in Figure 4 , that the monosaccharide composition of the HC fractions recovered after GFC, if pooled together, was very similar to that of the starting material (Table II) . These observations indicate good recovery ofall HC components. We also have evidence, to be presented elsewhere, that under certain conditions alkali can actually contribute to aggregation of XG; therefore, we consider that Mr profiles of HC obtained using alkali may be at least partly artifactual.
In contrast to the peak Mr of about 30 kD that we obtained for pea XG (Fig. 4) , Hayashi and Maclachlan (30) , by GFC of pea XG with alkali, obtained a broad Mr distribution that peaked at about 300 kD. Although this difference might be due partly to the medium used, as noted above, it also seems possible that their material might have corresponded to the secondary, higher Mr XG peak that occurs at about 300 kD (Fig. 4) and which can be much more prominent after certain tissue treatments (Figs. 3, 4 , and 6 in ref. 72) .
Because the XG and AG components of the pea HC fraction can be cleanly separated by GLC using water, they evidently do not mutually aggregate in dilute solution. Pea XG also gave no indication of self-aggregating during concentration procedures that encouraged pectins to aggregate. Therefore, the Mr distributions we obtained for the HC components are more likely to reflect these polymers' primary structures, although this cannot be guaranteed.
With the proviso just mentioned, our results suggest considerably more control, by plant cells, of the chain lengths of their HC polysaccharides than has usually been supposed, based on the broad Mr profiles previously published. MarxFigini and Schultz (48) previously concluded that the cellulose of cotton secondary walls possesses a relatively uniform chain length but found this not to be true for cotton primary walls, which are more analogous to the pea internode cell walls studied here.
Like RG-I, XG consists of many short side chains attached to an elongated backbone which may be expected to behave approximately as a random coil (9) and to occupy about as much volume as a linear dextran of equal backbone length (cf. ref. 51). At its peak Mr of about 30 kD, the XG backbone thus appears to be about 180 glucose residues long, corresponding to an actual molecular mass of about 50 kD when the mass of its side chains (from the composition in the left column in Table III ) is added.
Whether the hemicellulosic AG is principally arabinogalactan or distinct arabinan and galactan cannot be determined conclusively from the present evidence. The fact that warm water and ammonium oxalate do not extract the AG and the reported lack of 6-and 3,6-linked galactose residues in the pea cell wall (24) indicate that the AG is not mainly type II arabinogalactan (cf ref. 50) . Pea cell walls also reportedly (24) lack the galactose branch points that are characteristic of type I arabinogalactan (50) but contain large amounts of 4-linked galactose and 5-linked arabinose (24) , which are major components of typical cell wall galactans and arabinans, respectively. Therefore, it seems likely that the AG consists mainly of distinct arabinan and galactan chains. However, its solubility and molecular size features seem contrary to the impression of simple arabinans and galactans as rather small, soluble polymers (14, 79) . If the AG were a mixture of independent arabinan and galactan molecular populations, their respective Mr distributions would be unlikely to coincide to give the observed single rather sharp GFC peak. Therefore, the AG probably contains interconnected galactan and arabinan chains. Because these interconnections must be alkali stable, they are probably glycosidic. The AG backbone may consist of separate blocks of galactan and arabinan, somewhat analogous to the alternating HG and RG blocks in pectin (but which, unlike those in pectin, contain no uronic acid). Reasons were given previously (4) (32) , and cultured rose cell primary walls (12) , from the results of analogous extraction procedures. Furthermore, although particular pectin molecules might be cross-linked by ester linkages as noted above, the pea pectin Mr profile clearly shows that its molecules are not interlinked extensively enough to form a network.
The strength of these conclusions depends, of course, on whether we can rely on the extraction procedure not breaking covalent bonds by which matrix polysaccharides might be interlinked. The ester linkages postulated to cross-link pectic polymers (21) are known to be stable to the conditions of our oxalate extraction step (34) . Certain authors (50, 69) , however, have held that no neutral arabinose or galactose polysaccharides have been isolated from primary walls by a procedure that could not have produced them artifactually by splitting side chains off of RG molecules. Jarvis et al. (32) regarded extraction of pectins with oxalate-citrate, pH 4, at 100°C as slightly degradative. Their GFC evidence for this did not eliminate the alternative that this treatment caused some dissociation of large molecular aggregates rather than degradation. Our pH 4 oxalate extraction at 70°C was, in any case, considerably milder. Moreover, there appears to be no evidence that any wall polyuronides bear side chains of more than about 15 to 60 neutral sugar units (75 and references cited therein), chains that are much smaller than the AG and XG molecules in our HC fraction.
We recovered substantial polymeric arabinose and fucose in both pectic and HC fractions, detected no small Mr arabinose-containing fragments in the pectin fraction, and found virtually the same neutral sugar content in the 1400 kD polyuronide peak as in the whole pectin fraction. All this speaks against appreciable hydrolytic degradation during the oxalate extraction: the commonly occurring linkages involving arabinose and fucose are well known to be much more labile to hydrolysis than are other glycosidic bonds. Some of the small arabinose-containing side chains of RG-I and RG-II would have been released if appreciable hydrolysis were occurring.
The degradative artifact emphasized in the concerns cited above, however, is ,3-elimination at methyl-esterified galacturonic acid residues (6), which could release neutral polysaccharides that were attached to RG at or near such residues. ,B-Elimination occurs primarily in alkaline solution (56) or when pectin is heated at near-neutral pH (1). In our procedure, the wall material was heated briefly in water at 70°C to help solubilize starch; could this have caused appreciable ,8-elimination? If significant covalent linkages between pectin and oxalate-insoluble polysaccharides were being broken by heating in water, then omitting this step should either cause some pectin to be retained in the wall during oxalate extraction or cause components of the HC fraction to be pulled out of the wall, along with pectin, by oxalate extraction. However, omitting the heating in water had no effect on wall fraction composition (Table II ). It appears that this step did not release any oxalate-insoluble chains from attachments to RG.
The authors cited above consider, however, that release of neutral RG side chains by 1-elimination might occur during heating at acidic pH, as in our oxalate extraction step. However, pectin degradation was reported undetectable at pH 4, even at 100°C (1) . Because the Qlo for 1-elimination is 3.5 (6) , the rate at 70°C should be truly negligible. Furthermore, even extensive 13-eliminative degradation, when deliberately carried out, does not release neutral polysaccharides (such as the AG and XG in pea HC) from pectin but yields fragments containing both neutral sugars and substantial uronic acid (for examples, see refs. 68 and 75). It appears impossible, therefore, that the substantial amounts of virtually uronic acid-free AG and XG polymers in the pea HC fraction could have been released artifactually from pectin by ,8-elimination during our procedure. Redgwell and Selvendran (65) similarly concluded that neutral galactan isolated from alkali-soluble fractions of onion primary walls must be a native wall component.
Possible Covalent Interlinking of Hemicelluloses
As noted above, pea hemicellulosic AG may consist of glycosidically interconnected blocks ofarabinan and galactan. However, the fact that the AG and the XG in the pea HC fraction can be almost completely separated, by GFC, appears to show that most of the XG is not glycosidically linked to AG, as represented in the sycamore wall model. Because the alkali step used to extract HC would break any ester bonds, the results do not exclude possible interlinking of AG and/or XG molecules by such bonds. Ester cross-links have been suggested to explain why some matrix components require alkali to become solubilized (21, 65) , although there still seems to be no direct evidence for ester cross-links between neutral HC polymers. Glycosidic bonds (except in esterified polyuronides), on the other hand, are considered alkali stable. Alkali degradation proceeding from a reducing end (78) Hayashi and Maclachlan (30) showed that significant new reducing termini do not appear on pea XG chains during an alkali extraction comparable to ours. Therefore, it seems excluded that the XG-AG coupling shown in the sycamore wall model was missed because of alkali degradation during our procedure.
We can estimate the maximum possible proportion of pea wall XG that might be linked glycosidically to AG from our GFC and HPLC data. The XG peak ofthe HC profile contains 11 times as much fucose as the AG peak. If all the latter fucose is in XG, and the fucose content of this XG is the same as that of the XG peak, then about 8% of the total XG cochromatographs with the AG peak and might be linked to AG. The 12 assay results similarly indicate that about 8% of the total XG occurs at the AG peak. Hayashi and Maclachlan (30) stated (without giving data) that 4% KOH extracts from pea cell walls all noncellulosic polysaccharides except XG, leaving 90% of the XG in place. Similar results were obtained for mung bean cell walls (35, 36) . They imply, in agreement with the foregoing, that most of the XG is not glycosidically linked to other matrix polymers.
By summing the apparent XG content of the various GFCseparated sycamore cell wall subfractions that were cited by Keegstra et al. (37) as the basis for the sycamore wall model, and comparing this with the total XG content reported for this material (73) , one can estimate that a maximum of about 10% of the sycamore wall's XG cochromatographed with pectic components and might have been linked to them. The Albersheim group ( 14) later stated that they were not able to isolate more substantial amounts of XG attached to other wall polysaccharides, and they chromatographically separated virtually all of the XG from the AG and RG in sycamore extracellular polysaccharides (71) , which closely resemble the wall matrix polymers of these cells. Our results with pea primary walls thus actually agree rather closely with those for sycamore cells, even though a totally different interpretation was originally made of the latter.
From potato tuber and scarlet runner bean fruit cell walls, Selvendran et al. (61, 66) isolated XGs that were free of AG and RG and concluded that the sycamore wall model cannot apply to those tissues. Jarvis et al. (32) concluded that XG covalently linked to pectic polysaccharides makes up <4% of the oxalate/citrate-soluble pectin of the potato primary wall (i.e. <1% of the entire wall), so XG could not function significantly as a covalent bridge between other wall polymers, as depicted in the sycamore model. Although Chambat et al. (12) interpreted one subfraction of the primary walls of cultured rose cells as containing XG possibly glycosidically linked to pectic polymers somewhat as in the sycamore model, they isolated a substantial proportion of this wall's XG apparently free of AG and RG (33) . Our results significantly extend these earlier conclusions by showing that most of the growing pea wall's XG, and the majority of its AG, are not linked glycosidically to other matrix components.
Model of Primary Wall Structure
We consider, in company with other authors (32, 53, 61, 66) , that the concept of a covalently interlinked meshwork of matrix polymers, embodied in the sycamore wall model, must be abandoned as a general basis for thinking about the coherence ofthe dicot primary wall and the nature ofthe expansion process involved in plant cell growth. We believe that the evidence best supports, instead, a model in which noncovalent associations, such as among pectic polyuronides (31) , between them and hydroxyproline-rich wall glycoproteins (extensins) (11) , and between XG and cellulose (28) , are principally responsible for the mechanical coherence of the growing wall. This view was advocated some time ago (64) , was recently reiterated (76) , and has been illustrated in models drawn by Monro et al. (53) and by Carpita (10) .
From immunocytochemical localization tests it has been concluded that, whereas XG (54, 55), AG (60) , and extensin (70) are found throughout the primary wall, RG-I (54) and possibly also HG (55) are confined to the middle lamella. Because HG and RG-I make up most of the pectic material in primary wall preparations, these findings conflict with all of the mentioned models, which depict pectic polyuronides as major components of the intermicrofibrillar matrix. In our opinion, the immunocytochemical data show a preferential but not exclusive localization ofpectic polymers to the middle lamella (as long believed from conventional cytochemistry) and do not invalidate other evidence indicating that pectic polyuronides are structurally significant components of the primary wall (5, 8, 49, 67) .
Based on the observations presented here, and information in the literature, we suggest for the pea primary wall the picture shown in Fig. 5 --=v-f--ctt J Figure 5 . Schematic picture of suggested polymer organization in pea primary walls, depicted in the plane of the cellulose microfibrils. The XG and AG layers form a hemicellulosic sheath ("cortex" [63] ) around each microfibril, noncrystalline portions of which contain intercalated XG chains. Interstices between the HC-coated microfibrils are occupied by pectin. Where microfibrils approach one another more closely, their HC sheaths may overlap, and some XG chains may extend from one microfibril to another, as has been visualized (22, 28 The kind of organization shown in Figure 5 might reasonably be expected to arise by self-assembly as new matrix polymers are released into the wall by exocytosis. New XG would bind to, and become entangled with, the chains of growing cellulose microfibrils. New pectins would encounter a higher Ca2" concentration in the wall than intracellularly, which would tend to make them gel (31) in the spaces between the microfibrils. This would tend to segregate the AG and minor wall polymers into a layer between the pectin phase and the XG coat of the microfibrils. Because extensin (which makes up only about 2% of the pea cell wall [39] ) tends to interact ionically with polyuronides (11) , and its arabinosyl side chains probably tend to interact with AG, we think that extensin would concentrate at the boundary between pectin and AG.
The picture in Figure 5 resembles the concept of bean primary wall structure suggested by Taylor et al. (74) based on proton NMR, according to which microfilbrils are enveloped by a tightly bound, rigid "HC II" layer, surrounded by a less tightly bound but still rigid "HC I" layer, and in turn by a looser pectin phase. That the rigidity of the more tightly bound layers is apparently reduced by removing less tightly bound ones (74) would be explained, in Figure 5 , by the interdigitation between components of the layers along their boundaries. The picture can also be related to results from differential scanning calorimetry (45) indicating that thermal loosening of the primary wall's matrix can be largely suppressed by Ca2+. This suggests that in the native wall the pectin molecules are largely associated with one another (as in Fig. 5 ), so added Ca2+ can create abundant ionic cross-links between them that greatly rigidify the structure. This probably could not take place if the polyuronide chains were largely interspersed between other, nonionic wall polymers. Further supporting this feature of Figure 5 , electron micrographs of successively extracted primary walls suggest that pectins form a "network" (fibroid phase, not a covalent network) that is separate from, but coextensive with, the HC-cellulose phase or network (49) .
Regarding the nature of the wall loosening that is required for cell growth to occur, the present results and the picture in Figure 5 imply that breakage of covalent bonds within the wall structure is not necessarily obligatory and should not simply be assumed (in default of evidence) to be occurring, as has been done many times in the plant growth literature. Changes that affect noncovalent bonding forces between wall polymers, or bond exchange between previously deposited and newly introduced polymers, can in principle cause wall loosening and growth. However, breakage of bonds within polymer backbones or to their side chains could also weaken, hence loosen, the wall even though the polymers do not form a covalently coupled network. The suggested structure thus allows for alternative, possibly even multiple, mechanisms for wall loosening and cell growth. Biologically, this seems more plausible than models that depend on a single type of bond or matrix component, such as XG (22, 28) or extensin (43) , for coherence between microfibrils and thus for a possible mechanism of wall loosening. Evidence that polysaccharide backbone breakage occurs in conjunction with hormonal stimulation of cell growth in pea is presented in the companion paper (72) .
